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1 Introduction

In this memorandum we give the formal definition of the Lisp implementation of the transfor-
mational rules from Core ELLA to the Kernel. In the document [MH91] a formal description
was given of transformational rules from Core to Kernel. These rules were then implemented
in the language Lisp. In the implementation of these rules a number of revisions were un-
dertaken, the most profound being the way in which the transformational environment was
handled and in the updating of the scoping rules. This has meant that the definition of a sig-
nificant number of the transformational rules have changed. It is the purpose of this document
to formally describe the actual functions and transformational rules which have been imple-
mented. In order to aid readability the rules will be specified in the VDM notation [Jon90].
The reader is referred to [MH91] for a complete description of the background to this document.

This memorandum describes the static semantics for the Core of the latest version of ELLA,
namely ELLA2000. In order to get the complete description of the Core language the dynamic
semantics must also be considered. In reference [Hil92] a description of the dynamic semantics
of the Kernel is given and interested readers are referred to that document.

2 The Kernel

The Kernel is a set of data structures into which any Core ELLA description can be mapped,
for a complete description of Core ELLA and its relation with the Kernel the reader is re-
ferred to [MH91]. A Glossary of symbols, the definitions of Core ELLA, and the Kernel data
structures are given in appendices A, B and C, with the transformational signatures given in
appendix D.

Central to the transformation of Core ELLA descriptions is the transformational environment.
For completeness the definition of the environment is given in appendix E. In the work described
in [MH91] the environment appeared within the transformational rules. In the work described
here the environment is updated through side-effects and thus only the following need to be
considered.

Env (the current environment)

Envstack (a stack of environments)

The Envstack hold all the necessary environments when local declarations are encountered.

When beginning translation the initial environment contains only empty declarations i.e.

InitialEnv = ([],[],{},{},{},{},{1,{}{},{},{}) E Env

3 Scopes

The scopes of Core ELLA are removed by the transformation to the Kernel. In order to achieve
this the following operators are needed



am-

4

The setting of the global environment

SetEnv(e: Env)b: B

ext wr Env: Env

post b * Env= e

The stacking of the global environment onto the local environment stack

Stat..envob: B

ext zd Env: Env
wr Envstack: EnvStack

post b * Envstack = { Env] ' Envstack

The unstacking of the local environment stack

Unstackenvob: B

ext wr Envstack: EnvStack

post b c* Envstack = ti Envstack

The obtaining of the last local environment to be stacked

Hdstack()e: Env

ext rd Envstack: EnvStack

post e = hd Envstack

We now present operators which define the environment when entering and leaving declarations.

Scope.Fn.Begin)

ext rd Env: Env

pre Stackenv

post SetEnv(env( Env.typedec, Env.fndec, [],
Env.fnmap t Env.lclfnmap, { },
Env.tynamemap t Env.lcltyniamemap, { },
{ }, {)},
{}, {}, {})))
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Scope.Fn-End()

ext rd Env: Env

pest SetEnv( env( Env.typedec, Env.fndec, (Hdstack).stgdec,
(Hdstack ).jnmap, (Hdstack ).Lclfnmap t Env.lclfnmap,
(Hdstack ). tynamemap, (Hdstack ). lcliynamemap t Env.icltynamemap,
(Hdstack).sigrnamemap, (Hdstack ).LcLsignamemap,
(Hdstack ). usedtyname, (Hdstack ). usedfnname, (Hdstack). usedaigname))

A Ursstackent;

Scope-Begin()

ext rd Env: Env

pre Sfackenv

post SetEnv( env( Env.iypedec, Env.fndec, Env.sigdec,
Env.fnmap f Env.Iclfnmap, { ),
Env.iynamemap I Env.lcliynamemap, 0 ,
En'v.sign'amemap t Eav.1clsignamemnap,{

Scope-Endo)

ext rd Env: Env

post SetEnv( env( Env.typedec, Env.fndec, Env.sigdec,

(Hdstack ).fnmap, (H ds tack ).Icifn map,
(Hdstack ). tynamemap, (Hdstack ).Jcltynamemap,
(Hdstack ).signamemap, (H ds tack ). iclsignamemap,
(Hdstack ). usedtyname (Hdstack ). usedfnname (Hdstack ). usedsigname))

A Unsfackenv

Scope-End-A dd-Fn( b: B

ext rd Env: Env

post b 4*
SetEnv( env( Env.typedec, Env.fndec, (Hdstack).sigdec,

(Hdstack).fnmap, (Hdstack).lcifnmap,
(Hdstack). tynamemap, (Hdstack ).lcltynamemap,
(Hdstack).signamemap, (Hdstack).lclsignamemap,
(Hdstack). usedtyname (Hdstack). usedfnr,-me (Hdstack). usedsigname))
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Local.Scope-Rule :Name -, 8

Local.Scope-Rule(name) A
if name E Env.aignamemap

then SetEnv(pu( Env, {usedsigname -. Env.usedsigname t {name}}))

else if name E Env.tynamemap
then SetEnv(p( Env, { tsediyname - Env.usedtyname t {name}})))
else if name E Env.fnmap

then SetEnv(p( Env, {usedfnname .* Env.usedfrnname t {name}}))
else true

The stacking and unstacking of the scopes for BEGIN..END clauses is carried out through the

transformation rule [CC31. Whilst the stacking and unstacking of local function and type dec-

larations are carried out through the transformation rules [SPI] and (SP2]. The Local Scope

Rule ensures that any name only has one meaning per scope.

4 Transformational Functions

In this section we present functions which will be used by the transformational rules.

4.1 Join Checks

The Check-Joins predicate is used to ensure that all local signals in an Environment have been
joined.

Check-Joins : 0 - 8

Check-Joins() ! Vs E rng Env.lcisignamemap- s.sort = joined

4.2 Two Value Types

Here we present the predicate for checking that a type is a two valued enumerated type:

Check- Two- Val : k Type -B

Check- Two- Val( ty) &
let typeno(typeno) = ty in
let ( Env.typedec)[typeno].new = tags(TagSeq) in

len ( tags( TagSeq)) = 2

4.3 Check names

These predicates ensure that a particular name is not already in scope. They will be used by
the functions that add names to an Environment.
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Check-Fn: Fnname -. B

Check- Fn (fnname) A
fiiname V (dom ( Env.Lclfrzmap) U Env.usedfnname)

Check- Typename: Name --. 8

Check-Tijpename(name) 6
name V! (dam ( Env.Lcitynamemap) U Env. usedtyname)

Check-Signal: Signainame -. B

Check-Signal( aignalname) A
aignalname V (dam ( Env.Lclsignamemap) u Env.usedsigname)

4.4 Adding Names to an Environment

These functions define the addition of names to an environment

Add-Fn: Fndec -. B

Add-Fn(fd) AI
let Len = len Envifndec in
let FnNamne = fd.fnzname in

SetEnv(ti( Env, f Jiadec - Env.fndec ' [fd],
lclfnmap -(Env.lclfnmap t {FnName -Len + I}

pre Check- Fn (fd.fnname) A Scope-End-A dd-Fn

Add-Type: Typedec - B

Add-Type(ld) 6
let Len = len Env.1ypedec in
let TyName = id.typename in

SetEnv(p( Env, f typedec -- Env.iypedec'** [td],
lc~tynamemap

(Env.lcltynamemap t f TyName -. typeno(Len + 1)))

pre Check- Typename( id. lypename) A Check- Signal( id. typename)
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Add-Signal: Signaldec x Sort -

Add-Signai(sd, sort) A
let Len = len Env.sigdec in
let SigName = ad.signalname in

Seffnv(p( Env, I sigdee *-. Eriv.sigdec'- "[fd],

Icisignamemap -

(Env.iLdaignamemap t {SigName s- ig(Len + 1, sort))

pre Check- Signal ( ad. aignalname) A Cheek- Typename( ad. aignalname)

Add-Join: Signaldec x Signaino --- B

Add-Join(sd, signalno) A
let SigName = sd.aignainame in

SetEnv(pu( Env, f sigdecluignalnol s- d,
Iclsignamemap -. (Env.lclsignamemap t f{SigName-

sig(aignaino, joined)))

Add-Tag: Tagname -. B

Add- Tag( tagname) A
let Len =len Eriv.typedec in

SetEn (,u( Env, I lcltynamemap
(Env.lcltynamemap t f{tagname -coristtag(Len + 1)1)

pre Check- Typename( tagname) A Cieck- Signal( tagname)

Add-Type-Name: Typename x kType -~B

Ad4d- Type- Name (typename. ktype) A
SetEnr(pu( Env. f lcitynamemap

(Envilcitynamemap t {typename - typenarne(typename, ktype)})

pre Check- Typename( typename) A Check-Signal( typename)

4.5 Finding Names in an Environment

These functions describe how any name can be located within an Environment

Find-Lower-Nm: Name -. Tjjpetag u Sig

Find- Lower- Nmn(name) A
( Env.signamemap I Env. Iynamemap t Env.lclsignamemap t Env. lcltynamemap)( name)

pre Local- Scope.-Rule (name)
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Find- Type-or-Alt: Name -+ k Type U kEnum

Find- Type-or-A It ( name) L
let ans = Find.Lower-Nm(name) in
if ans = consttag(.-)
then Find-Alt(name)
else Find- Type( name)

Find-Sig-or-A it: Name -4 (kUnit x kType) u kEnum

Find-Sig-or-Al ( name) L
let ans, = Find-Lower-Nm(name) in
if ans = sig(.., -)
then Find-Signal (name)
else Find-Ali(name)

Find-Fn: Fnname -. Fnno

Find-Fn(name) L
( Env.fnmap t Env. lclftzmap) (name)

pre Local-Scope- Rule (name)

Find- Un joined: Signalname -4 Fnno

Find- Unjoined(signalname) L
let Signo = ( Env.lIclsignamemap) (signainame). signalno in

let signaldec(signalname, type, instance (fnno,..) Env.sigdec)[Signo] in
frLno

pre ( Env. Icisignamemap ) ( signainame ) .sort = unjoined

Find-Type: Typename -~ kType

Find- Type( typename) ZS
Find-Lower-Nm( typename)

pre Find-Lower-Nm(typename) E ( typenarne u typeno)

Find-Alt: AIt name -. kEnum

Find-A ll(altname) L
let consttag( ktypeno) = Find-Lower-Nm( aitname) in
let typedec(-, tags(tags)) = ( Env. typedec)[kf ypeno] in
let index = & (i E inds tags) -tags~i] = tag(altname, -) in

enum( ktypeno, index)
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Find.ELLAint: Tagname -. Typeno x Lowerbound x Upperbound

Find-ELLA int( tagnarne) A
let consttag(ktypeno) = Find-Lower-Nm(tagname) in
let typedec(-, ellaint (-, lb, ub)) E nv. typedec) [klypeno] in

ktypeno, Lb, ub

Find-Integer- Type: kc Type --+ Ta gname x Lowerbound x Upperbozsnd

Find-Integer- Type(ktype) A~
cases kitype of
typeno(typeno) -. cases ( Env.typedec)[typenoj of

typedec(-, ellaiit (t,1, u)) --- t, 1, u

end

typenarne(-, type) - Find-Integer- Type(type)

end

Find-Char: Ta gname x Ch~ar -~ kEnum

Find- Char (tagname, char) A
let consttag(kiypeno) = Find-Lower-Nm(tagname) in
let typedec(-, chars(-,chs)) = ( Env. typedec)[ktypeno] in
let indez = L(i E inds chs).- chs[iI = char in

enum( ktypeno, indez)

Find-Signal: Signal -. k Unit x kc Type

Find- Signal( signalname) A
let sig(signaino, -) = Find-Lower-Nm(aignainame) in

signal ( ignalno), ( Env.sigdec )[sig'nalno]. type

Find-A ssoc: Altname -c Type

Find-A ssoc( aitname) A~
let consttag(kItypeno) = Find-Lower-Nm( alname) in
let typedec(-, tags(taga)) =( Env. typedec)[ktypeno] in

(t (cype Opt E IcTypeOpt).- tag(aotname, Ictype Opt) E elems tags
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Find-Row: kType -- N, x kType

Find-Row(ktype) A_
let ty = Get- Types(ktype) in
let types(types) = ty in
let size = len (types) in

(size, types[I])

pre Vi E {l..size}. types[l] =4- types[i]

Find-Biop: Biopname x kType x kType -- kFnbody

Find-Biop(name, ktypel, ktype 2) A_

let biopinfo = & (i E BiopEnv.biop). i.biopname = name in
biop(name)

pre Biop- Type-Equals(biopinfo.inputtype, ktypel) A

Biop- Type-Equals( biopinfo. outputtype, ktype 2)

4.6 Removing Type Aliasing

Type aliasing is removed by means of the following function:

Get- Type : k Type -. k Type

Get-Type(ty) _
cases ty of
types([ktype, . .. , ktypek]) -. types([Get- Type(ktype1 ), . ., Get- Type(ktiypek)]),
typename(., ktype) - Get- Type(ktype)

stringtype(size, ktype) - stringtype(size, Get-Type(ktype))
others ty

end

4.7 Type Checking

Type checking is an important aspect of the ELLA compiler and the relation 'a =4 = b' shows
how the transformation from Core ELLA to the Kernel will define type equality. This relation
is defined by:-

ktype, L= ktype 2  4* Type-Equals(ktype 1, ktype 2)

where
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Type-Equals : kType x kType -. B

Type-Equo,(iy1 , 432) '6
cases (Get. Type(tyi), Get- Type( ty 2)) of
(typeno(typenol), typeno(typeno2)) -- (gypeno, = typeno2 )

stringtype(s1 , in,), stringtype(s 2, tn 2)) - (s1 = s2) A 7pe-Equals(ini, tn2 )

( types([tl, ... , tik]), types(fsl, ... ,sij)) - = k A Type-Equals(t1 , s)
s---1..k

(typevoid, typevoid) -4 true
others false

end

For the Built in Operators (Biops) the type of the enclosing function specification behaves like
an ELLA Macro, and therefore full type checking is not possible at the static semantic stage.
For that reason the following function is necessary for the type checking of a Biop specification.

Biop- Type-Equals : kType x kType - 8

Biop-Type-Equals(btyl, bty2 ) L
cases ( Get- Type(bty1 ), Get- Type( btY2)) of

typeno(typeno), typeno(_)) - true
( stringtype(sl, in,), stringtype(s 2 , mn2 )) - Biop-Type-Equals(in,, tn 2 )

types([t1,...,tk]), types([s],...,sj)) -. j = k A Biop-Type-Equals(ti, s,)
i:l..k

(typevoid, typevoid) - true
others false

end

4.8 Type Indexing

These function describes how to obtain the type of an indexed or trimmed quantity

Get-Indez : kType x N 1 -. kType

Get-lndex(ty, i) 6_

cases Get-Type(ty) of
types([kiypel, • --, ktypek]) -- ktypej,
stringtype(., ktype) -. ktype

end
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Wm : kType xN x N2 - kT~pe

T'Nm(ty, lb, ub) &
cases Get-7ýjpe(ty) of
type9Q([Iaype 1 ,- , k*3pe]) -9 types([ktypeib, ... , kiype~4]),
stringtype(-, ktype) -. tringtype((ub-Ib + 1), ktype)

end

4.9 Concatenation

Concatenation of two signal types are handled by means of the following function.

Conc k Type x k Type -k Type

Conc(ktypej, ktype2)
let ty, = Get.Type(kiypel) in
let *312 = Get-.Type (kiype2) in
Cases (41~, *32) Of
(types([tal,...- , ak]),

types([tb1 , * , tb1))) - if (ViE I{1..k},jE f{1..l} (fai --if= tbj)) =true

then types(ital,...,ta&k,tbl,...,tb:])
else if (ViE f{1..k} -(ia, - *312) = ru

then types([tal,. * , tak, 4132)
else if (ViE {1-.1} tyl =F1J tbj)) = true

then types([13 1 1 , bj,.. .,tb

else 0
(types([1, tj t], - ) - * let (ViE f{1..k} tj =Fff]= *32) =true in

types([tl, - -*, t&, *3121)
(.,types([ti,...,fkI)) -~ let (ViE {1..k}. - t =Fif= tyi) =true in

(stringtype(size., kicype.),
st ringtype (size6, kiype&)) - let (k*31pe. 47Tj= ktypeb) = true in

stringtype (size, + size6, ktype.)
(stringtype (size, kt31pe), -) -. let (kt31pe =Ti~= *312) = true in

stringtype(size + 1, ktype)
(,stringtyp e(size, ktype)) - let (131i =[fi= ktype) = true in

stringtype(size + 1, ktype)

end

4.10 Reform

This function flattens types so that they are available for reform
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Flatten : k Type k. TypeSeq

FLatten(ty) 6
cases Get.Type(iy) of
typeno (typeno) -. typeno( typeno)],
stringtype (size, ktype) -~ stringtype (size, Ictype)),
types 0It,...kt)) -. Flaaen(tj) '_'- "'~ Flatien(tk)
typevoid -[ typevoid]

end

4.11 Character Check

This rule checks that a particular type is of the form of an ELLA character.

Is-Char :N1 -. B

Is-Char(iypeno) ýt ( Env.typedec)[typeno3.new E chars

4.12 Constructing T'uples

These functions convert sequences into tuples.

Type Tuple :k TypeSeq -. k Type

Type Tuple(tseq) !2 if len tseq = 1
then Lseq[1]
else types (tseq)

Const Tuple :kConstSeq -. kConst

ConstTuple(cseq) ý iflen cseq = I
then cseqill

else consts (cseq)

Constset Tuple :kConstsetSeq --+ kConstset

Constset Tuple( csaeq) !ý if len caseq = 1
then csseq[1]
else constsets (csseq)

Unit Tuple :k UnitSeq --. k Unit

Unit Ttple(useq) A if len useq = 1
than useqf 2]
else units (Useq)
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4.13 Case Disjointness

The following function checks that a CASE statement has disjoint choosers

Disjoint: kConst~set x kConsiset -

Disjoint(cseti, cset2) L

cases (cset 1 , cacti) of
( enum(.., tagno1), enum(-, tagno2 )) -. tagno1# tagno2

string(-,[tagnonl,.-.., tagno2j])) - V (tagno1 1$ tagno2*)

( constsetassoc( enum(-, tagnol), constsetl),
constsetassoc( enum(.., tagno2), constse12)) - tagno1$ tagno2 V

Disjoint (constsetl, constset2)
( constsets([csal,...csak]),

constsets(lesbi,...csbL&))) - V Disjoint(csai, csbi)

(_, constsetalts([csaI,...,csak!)) - A Disjoint(cset1, csa,)
%={i..k}

( constsetalts([csai,", csaL&I),- A Disjoint(csa,, cset2)

( const set string (size., cset.),
constset string (size 6, cset4)) -(size. $ sizeb) v

Disjoint( cset., csetb)

(const set string (size., cset ,),
string(ty, [igi,.- , tgkl) -(size. # k)

V Disjoint(cset., enurn(iy,igi))

(string(~,-), constsetstring(., )-*Disjoint(cset 2, cseti)
(constsetany(type), -) false

(-, constsetany (type)) -false

end

4.14 Local Type Checking

Not-Local- Type :k 7hpe - B

Not-Local- Type( ktype) 42
cases Get-7Týpe( ktype) of
typeno(typeno) -. V(iE rng Env.lcltynamemap) -i $ typeno(typeno)

typs~t1 ,..tn] - A Not.Local- Type(ti)

iE {L..n)
stringtype (size, t) -. Not-Local- Type(f)

others true

end
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.4

This function checks that its input type is not a locally declared type, and will be used by local
BEGIN-.END clauses to ensure that the output from the clause only contains global types.

5 Transformational Rules

This section describes the transformational rules from Core ELLA to the Kernel. These include
the semantic checks which are done by the full ELLA compiler on Core ELLA is. type checking,
name checking etc. Thus this section includes a description of the static semantics of Core
ELLA. At the start of each subsection the Core ELLA syntax, for which the transformations
of that section apply, will be given. In each rule the order of execution of the pre-conditions is
left-to-right, top-to-bottom.

5.1 Enumerated Values

Enumerated values are defined by

enumerated altname

I tagname / z
tagname 'char
tagnamne "string"

and the transformations on them are given by

_ E_1_ Find-ELLAint (tagname) = ktypeno, lb, ub lb< z< ut
EMiý

Itagname/zi = enum(ktypeno, z-Ib + 1): typeno(ktypeno)

M21 Find-Char (tagname. char) = enum(klypeno, indez)
1 tagname 'charl-= =EM ý* enum(ktypeno, indez) : typeno(ktypeno)

SViE {1..k) . (Find-Char (tagname, charj) = enum(ktypeno, ktagnoi))

Irtaname "char, ... char. EM
string(ktypeno, (ktagnol, . . . , ktagnoj]) : stringtype(k, typeno(typeno))

5.2 Types

Types in Core ELLA can have the following form

type typename
I STRING [ size ] typename

size ] type
I (typex,-., typek )
I ()

and the transformations that apply to them are
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Find- Type (typename) =- kiype

[itpenamel = ~~ktype

T2 typeiaamej ktype Get-Type(ktype) = typeno(ktypeno) Is-Char (ktypeno)

ISTRING [size] typenamej fj st ringtype (size, ktype)

T3 [type] ~ klype

I[sizel type] I ýj types( [ki ype "Ze

ViE {i..k}.- ([typeij 4r' t,)

II ()J typevoid

5.3 Constants

The Core ELLA definition of constants is

const STRING [ size j consti
f size I const

Iconsti

consti 1: enumerated
Iaitname & consti

( const1 , * , consti.
? type

1 0)

with their transformation rules being

[consil 11 kconst: ktype
Get.T7jpe(kiype) =typeno(kiypeno)

Fc, Is-Char_(ktypeno)

[STRING [size) constl 1i1
canststring( size, kcovasi): stringtype( size, typeno( ktypeno))

C2_ Iconsti =ý keonsf: ktype

Itaize] constl F- consts( [kconstuiz]): types( [ktype'zej)



C3 Find.Alt(name) = enumn(ktypeno, ktagno)

[name] =ýJ enum(kiypeno, kiagno): typeno(ktypeno)

[enumerated] 4 kernum:ktype

fconstlj kconsi: ktypel

Find-Asusoc (altname) = ktype2
kt/pe1 = ktype2 Find-Ali (altname) = enuvn(ktypeno, index)

faitname& consti J 7L
constassoc( enum( ktypeno, index), kcorzst): typeno( ktypeno)

C6 ViE f{1..kl -([constdl =U kconsti: ktype,)

ConstTuple([kconstl,. kconstkl): Type Tuple([kt ypel, ktype]))

C7 typq 4, ktype

[?type] 4 cons tquery (kiype):ktype

Ce
j()l 4'" constvoid: typevoid

5.4 Constant Sets

Constant sets are given by

constset .- constse~i1  constsetlk

constsetl STRING ( size I constset2
[size ] constsetl

Iconstset2

constset2 ..- enumerated
Ialtname & tonstset2
I( constseti, * , constsetk
Itype

with transformations on them given by
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ViE f{1.4) ([consisetij =JC__ kcseti: ktype,)

ViE {1.k} (ktype, ;a]- ktype1 )

[consiset, I .. I consisetik 47ES3Lý* constsetalts([kcseti,., kcsetkj): ktype,

[consieet2l =TfSj* kcset:ktype
Get-Tiype(kiype) = typeno(ktypeno)

CS'3,Is-Char (kiypeno)

[STRING [size] constset 2] =ý
constuetstring( size, kcset): stringtype( size, typeno( kiypeno))

CES3 [constsetl] 4ý kcset: ktype

[[size] constset 11 =!CS- const sets (I kcset 'i" 1): types( [ktype*1jt]1)

ES74 Find- Type-or Alt (name) = res

Inarnel. = E
if res =enum(kiypeno, -) then res :typeno(ktypeno) else const set any(res): res

[S enumerated] JEM kernum: ktiype

[enumerated] = CS ke-num: ktype

Icon htset2 L'ý cset: ktype, Find-Ausoc (aitname) = kiype 2

CS ktYj IT= ktYPC2  Find-Alt (oltname) = enum(ktypeno, Logno)

laitnomeL~consiset2l j[ýC
conhtsetasbac( enum(kiypeno, iagno) , kcsei): typeno(ktypeno)

CS7ViE f{1..k) (jIconstsetj] = kcseii: ktype1 )

ConstsetTuple(lkcsetil , kcsetkj): Type hple([ktypej,. ktypek,])

5.5 Units

The complete Core ELLA unit syntax is given by

unit unit CONC unitl

I unitl
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un t I STRING [ size ]uniti
[ size Iunit I

Ifnname unit I
Ialtnarne & uniti
Iunit2 // aitnarne
Iu~nit2

unit2 signa.lname
Ienumerated
Iunit2 [index]
unit2 findextij . index~,& I

Iunit2 [unit ]]
IREPLACE (unit, unit, unit)
I? type
Iclosedclause

with the transformations defined by

1U__1 Find-Sig-or-Alt(namc) re

Inarnel LJF '
if tea = enum(kiypeno, -) then tes typeno(ktypeno) else tea

UI[enumneratedl i ý EIM ý kenum: ktypeno

[enumeratedj =ý kenum: ktypeno

[until JF'r_1 kuuzat1 : ktirpel

FU3ý ktypeuc = Co'ac(ktypej, ktype2)

[unit CONC until] 4--6 conc(kuniil,kunit2 ,ktype.,,j): ktype.,g

(unatxJ kuuti: kiype
Get.Type(kiype) = typeno(ktypeno)

U4 Is-Char (kiypeno)

(STRING[size] urnit 1)=U_
unit st ring(saaze, kunit): stringtype(size, typeno(ktypeno))

[[ieu ni [ý ý uniilj =ý kunit: ktype

j~ieuitj =Jý units( [ kunit ""jt): types([ [kypeaut])

(until] =ý ktani: kiwp
frno = Filad.Fn (finanae)

U6 (Env.fndec)Lfnno].tnpuilvpe =T_ ktype

Ifrvarme unit!]J =F15 instance (fnno, kunit): Q(Env.jhdec)(fnno]..tstputtype)
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Find-A sioc fnliname) = ktYPe2

U7 ktyf ktype2 Find-Ali (altnarne) = enum(kiypeno, tagno)

[aliname~kunmt1J
unitassoc( enum(ktypeno, tagno), kunstI1 ): typeno(ktppeno)

Iunht21 =EJ* kunit: ktype Find-Asasoc (aitname) = ktypeout,

Find-Ali (altname) = enum(typeno, indez),

___8 typeno(typno) =If= kiype

[unit2//aitname) =ý extract(kunit, enum(typeno, index)): ktypeout

Iunat2l =L' kunwt kiype

S~Get.Jndez(kiype, indez) t

1uni12,indezjj =:ý iridexi kunii, index, t):t

[un~it2 4ý kunit: ktype
U10 Thim(ktype, tndez1~j,,,6 indezU,,i = t

Find- Int eger- Type (ki ype 2) = ktypeno, 1, u
F~nd-Row(ktype1 ) = sie, it 1< l< u< size

Iunit2itunitiI =F-1 dyindex(kunitit, kunii2, £t): it

junutiI. L kunit1: ktype,

I unat I knna 2: ktype2
Iun t 3l _IU knit3 : ktype3

Find- Integer- T7jpe (kt ype 2) ktypeno, 1, u
Find.Row(ktype,) size, t

FU 721< l< U< size kiype3 9

(REPLACE(iiniti, unit2, unit3)J =F-ý replace(kisnit1 , kunit2 , kunif3 ): ktype,

U13 Itpel ktype

[?type] unit query(ktype): ktype

U1 Iclosedclausel ] = kunit: ktype

jclosedclauseJ kunit: ktype
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5.6 Closedclause

Closed clauses are given by

closedclause CASE unit OF cases ELSE unit ESAC
I(u~nit,,-. -, unitk )
IBEGIN step,1 . stePk. OUTPUT un~it END

1 0)

cases constset, unit1,**, constsetk unitk

step - typedec
Ifndec
ILET signalname =unit.

IMAKE fnnaie : signalnane.
IJOIN unit - signalnaie.

with the transformations given by

1,constsetJl =LL f- kconst set: ktppeconst

[C ýA ý 1until =3LU kunit: kiype

Iconstset: untitl =FCA-T. kconstsci: ktypeconst. kunit: ktype

VIE 11.11k}.([case~j ' CA~ kcs1 : ktypeci, kui: ktypeu,)

VIE f{1.41k.(ktypec, FT!I= ktype,,,) VIE f{1.4.k.(kiypeu, kyp.)

____Vi VzE {1.4 1 '• I* Disjost(kcs.., kcs9

[CA SE untit OF case 1,, case& ELSE unat2ESACj =IC
caseclausei kunt,1,,,, case(kcs1 , ku1 ), . ,case(kcs&, ku& )j, kunitout): ktype.,a

C2ViE {I..k} (IunitiJ ýU kuniti: ktype,)

Unit Tuple([kunstt, - - - , kurntik): Type Tuple((ktype 1 , . ,ktypef])

Scope-Begin
'VIE J1.4k.1) -&tepiJ 4TSLFý true)

IurniJl 43Ei kunit: ktype
Not-Local- Type (kiype) Check-Joins Scope-End

[BEGIN step, .. . stepk.iOUTPUT unit END] =fCý kunit: ktype

FCC'
I () J 4 unitvoid: typevoid
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Scope-Fn-Begin [typedecj f] J true Scope-Fva-End

[typedecJ AfSP'3* true

Scope-Fn-Begrn [fndec] f3 true Scope-Fn-End

[fndeci true

SP3 ~[unit] =ý~ Icunii: kiype

[LET signalname = unit .] 1=E
Add-Signal ( signaldec(signarinavne, kiype, kunit), joined)

Find-Fn (fnname) = frno
ktypei., = ( Env.Jndec) [frno1. inpuitype

kiypeut = ( Env.fndec)[fnno ,i.outputtype

[MAKE fnname: aignalname.] 4=flý
Add-Signal (signialdec(signa~name, ktype.,,t, inutance(frno, unit query(kiype i))), unjoined)

[unit] =ý kunii: ktype,
Find- Unjoined (signainomne) = fnno

Find-Signal (signalname) = signal( aignalno): ktype.,a

___Env.fndec)(fnno].inputtype 4t=T ktype

[JOIN unit-. signalname.I ] I3
Add-Join ( signaldec(signalniame, kiype.uj, instance(fnno, kun~t)), signalno)

5.7 Built-In Functions

Built-in-functions (function bodies) are defined to be

functionbody Unit
REFORM

IBIOP biopnarne
DELAY (initialvalue, ambigtirne, axnbigvalue, delaytime)
E DELAY (initialvalue, delaytime )

ISAMPLE (interval, initialvalue, skewtime)
IRAM ( inutialvalue)

with the following transformationi

___Type Tuple( Flatten( ktypei,,))_= =Type Tuple( Flatten( ktype.,t))

[REFORM] ( ktypei,,,ktype..j} =FB__ý reform
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FB 12 Find Eiop(biopname, kiijpej., ktype..g) = biop(biopname)

[BIOP biopnamelj{ktypeM., ktype..t} biop(biopnamne)

[initialvaluel C kconuti: ktypei

[ambigtvalueJ IC kconsi 6 : ktype,
ktypetj.~ ktype..t T~ kiype1 j ijte

813O< ambigtirne< delaytime 0 < delaytime

[DEL A Y (nit aalvalu e, am b gtimne, a mb igvalue,. delayt imne)I {kiype i, kt ype.. t} ~I
delay(kconsti, ambsgtime, kconst ., delaytime)

84[initialvaluel =f kconst: ktype ktype 4T1= ktypein -f771 ktype,,t

[IDELA Y(indital value, delati~me)] {kiypein , klypeout1 4KI*
idelay(kconsi, delaytirne)

Itnitialvoluej 4ý kconst: kiype

B -nierval< skew< interval ktypein =CTi= ktypeout = kiype

ISA MPLE(inierval, irnttalvalue, skew)] {ktypeli, kiype.ut} I E
saznple(inierval, kconst, skew)

linitiaivaluej - C kconsi j: ktypel
ktYPe,n = types( (ki yped t ktypew tedre kiy eread sktypewritten.ble)

ktypedded J= kiypeeuj =:tj= ktypel
Find.Integer- Type (ktypewrteaddres.) = - , 1b, ub

Find-JInteger. Type (ktype,.Wadeddress) = - , 1b, ub lb 1

FBI1G Check- Two- Vol (Get. Type (kiypewteai))

[RA M( initialvalue )l {ktypen, ktype.ut) ýB ramn(kcoustj)

5.8 Type Declarations

Type declarations are defined as

typedec TYPE typenarne = typeornew.

typeornew type
new

new := NEW tagname/(lwb .. upb)
INEW ( typealt, I .. I typealtk
NEW tagnanle ( 'char, I 'chark

typealt .- altnarne & type
Ialtnaine
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with transformations on them by

TD1[new] NWK knew

[TYPE typename = new. J f~~Add- Type ( typedec (typename, knew))

TD2 [type) [f ktype

[TYPE typename = type.)I =FTD-* Add-Tyjpe-Name (typename, kiype)

NWIwb < upb Add- Tag (tagname)

[NEW 9agname/(lwb..upb)] =FTWý ellaint (tagname, Lwb, upb)

ViE f{1..k}.- ([typealtil jE )*t

W2Vi, jE (1..k}, i• 96 j (tj. tagname0 ii. tagname)

[NEW (typealf1 .. I typealtk)J NW tags(it1 ,. - , tkJ)

Vi. jE fL..k) i:• j - (chari i char1 )

NW3 Add-.Tag (tagname)

[NEW tagname('char, . 'chark)) N
chars(tagname, (char 1,,..-., char]))

Tl[type] =r!" - ktype Add- Tag (aitname)

[altname& type) =FT--ý tag(altname, ktype)

TA2 Add- Tag (aitname)

[alinamel tag(aliname, f{nil})

5.9 Function Declarations

Function declarations are given by

fndec . - FN fnname =input -. type : functionbody.

input := ( terminal1I, ... terrninah )

term-inal := type : signalnaxne
Itype

and the transformations on them by
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14!pJ k ktyPe.,%g

funit 43 k unit: ktype

FD1 ype,,t !-- kiupe

[FN funame = input-, type: uni~t. I ~f
Add-Pu (fndec(fnname, ktypeispsg,, En'v.asgdec, ktype..,jkunit))

[input] 4=JEI ktype,3,,1 i*
(type] 4=JL* ktype.,.g

P2ý [pbuiltiinj {Get- 7pe(ktypeip,t,t), Get.Trýype (kiype..t)} Fi~ kbuiltin

tFN fnname = input , type: buiifin. I ~}
Add.Fn (fndec(frnarne, ktpi,,, Env.uigdec, ktype..a, kbu ilt in))

I ~ ~ f V IE ..k}.- ((termninal]j = ktype,)

INN2

[0 1 ~typevoid

[type] =jij; ktype
T1 Add-Signal( signaldec(signainame, type, input), joined)

[type: signal iameJ TMa ktype

[type] T ktype

5.10 Closure

A Closure is defined to be

declaration - typedec
fndec

closure := declaration, ... declarationk

with the following transforms

itypdeci=ý rue

Itypedecl =FD-3* true
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.9

Stacken., [fdecj true Unatacke.

Lfndecj true

EVi {1..k}. (decarationj 4 true)

[declaration1 ... declaration,] CL true

[KEosNEe • true[KrEL -
[closure] KERNEL (Env.typedec, Env.fndec)

6 Software Implementation

The functions and transformational rules given in the previous sections have been trans-
lated into Lisp code. This work forms parts of the commitment to the IED project "Formal
Verification Support for ELLA" which is developing a Lisp environment and toolset for Formal
Verification. The Lisp system and the Lexical Analyser were made available for the project by
Harlequin Ltd. of Cambridge.

The Kernel data structures were translated into Lisp structures, for example typeno(typeno)
became

(defstruct Stypeno( typeno))

where the S is used to prefix all Kernel data structures (corresponding to bold type in Appendix
C). Translation of the functions defined in this document to Lisp was straightforward with only
a few -dditional functions needed to handle recursive structures.

7 Transformation Examples

In this section we give examples of Core ELLA descriptions which have been compiled into
Kernel data structures by means of the software implementation. The implementation has
been carried out using the Harlequin Lisp system (LispWorks), with the resulting code being
incorporated into the verification environment of the project.

The first example is taken from [MH91], whilst the second example contains Core ELLA text
which will test each transformation rule (although not for ever possible combination of con-
structs).

7.1 Simple Example

This example is taken from [MH91] and is reproduced below
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TYPE boo). a NEW (t I f).

FT NOR a(bool:inl, bool:in) ) boo).:
CASE (ini, in2) OF

ELSE t

ESIC.

FE A = (bool:inl, bool:in2) -> boo).:
BEGIN
LET ip a (inl,in2).
FN B z (bool:ipl, bool:ip2) -> boo).: NOR(ipl,ip2).
MAKE B:b.

JOIN ip -> b.
OUTrPUT b

END.

In [MH91] it was shown how each of the transformation rules was applied to these functions and
the final Kernel environment was deduced. By means of the Lisp implementation of the rules,
the final Kernel environment was calculated and is shown below, where it has been printed
out by means of a specially written Lisp printer.

TYPEDECS>
TYPEDEC ("boo)." Tags([Tag(-t, NIL),Tag~i, NIL)))
FIDECS>
FNDEC( NOR,

Types(C TypenoWl).Typeno(l))),
[Signaldec("inl", Typeno(l), input),
SignaldecC"inT', Typeno~i), input)),

TypenoC 1).
Caseclaus.CUnits( [Signal~l) ,Signal(2))),

CCase(Constsets((Enum(l, 2),Enum(l, 1)3), Enum~i, 2)).
CaseCConstsets([Enum~l, 1).Enum(l. 2))). Enua~i, 2)).
CaseCConstsetsC(Enum~l. 1).Enum(i. 1M3. Enux~i, 2))),
Enum(1, M))

FNDEC( B.
Types( (Typeno(i) Typono(l)J).

[SignaldWc"ipl", Typeno(l), input),
SignaldWcQip2", Typeno(l), input)),
Typtno(1).
Instance(l, Units( [Signa1(l),Signa1(2)))))

FNDEC( A.
Types( (Typ~no(l) ,Typ~no(l))).
[Signal~doc("inl", Typono(l). input),
Signaldsc("in2", Typeno(l). input),
Signaldec('lip". TyposUETypeno(O).Typeno(I)). UnitsQtSign&1(l),Sign&1(2)3))),
Signaldec('b", Typeno~i), Instazice(2, Signa,(3)))],
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"Typeno(1),
Signal(4))

SIGDECS>
FNNIPS>
LCLFNMAPS>
map(..A'., 3)
map("NOR", 1)
TYNANEMAPS>
LCLTYNAMEMAPS>
map("bool", Typeno(1))
map("V". Consttag(i))
map("V". ConsttagCl))
SIGIAMENAPS>
LCLSIGNAMENAPS>
USEDTYIAMES>
USEDFNIAMES>
USEDSIGNAMES>

This environment is identical to the environment given in [MH911.

Due to the nature of the Kernel data structures it is possible to print out the above environment
in a more readable format. This format takes on a layout which is a 'recursive-LET' ELLA-like
form e.g.

TYPEDEC bool = NEW (t I f)
FNDECS>
FNDEC NOR = ((bool, bool)) -> (bool):

BEGIN (LET inl = input. LET in2 = input.)
OUTPUT CASE (inl,in2) OF

C ((1 ,t ) : )
(CE t :f)

(Ct 't ) f)
ELSE t

ESAC
END.

FNDEC B ((bool, bool)) -> (bool):
BEGIN (LET ipi = input. LET ip2 = input.)
OUTPUT NOR (iplip2)
END.

FIDEC I ((bool, bool)) -> (bool):
BEGIN (LET inl = input.

LET in2 = input.
LET ip a (inl.in2).
LET b = B ip.)

OUTPUT b
END.

SIGDECS>
FNMAPS>
LCLFNMAPS>
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map("'A" :3)
map("IOR" : 1)
TYIAREMAPS>
LCLTYIAMEMAPS>
map("bool" : bool)
map('"V" "bool")
,ap("I": "boo1")
SIGiAMEHIPS>
LCLSIGIAMENAPS>
USEDTYKIAES>
USEDFNiARES>
USEDSIGNAMES>

The 'map' fields show which declarations are available for use at the outermost level, hence
function 'B' does not appear in either of the function maps.

7.2 Transformational Rules Test

In this section we present a test program which goes through the different transformation
rules.

The first part of the test program looks at individual expressions, for example constant expres-
sions are created in a delay expression.

FY FBODT_30 = (char:one) -> char- IDELAY( c'd. 3). #chum#

FN FBODT_31 = (string:one)-> string: IDELAY( c"abcfghde", 3). #strzing#

FN FBODT_32 = (string:one) -> string: IDELAY( STRING [8] c'c, 3). #conststring#

FN FBODY-33 =((enum, int):on.) -> (enum, int): IDELAY( (91,i/1), 3). #consts#

FN FBODY-34 = (assoc:one) -> assoc: IDELAY( val & i1/7, 3). #constassoc#

FN FBODT_36 = (enum:one) -> enum: IDELAY( ?enum, 3). #constquery#

Scoping rules are considered in the second part of the test program where a number of functions
are given for testing the different forms of enumerated values applied to units as well as testing
the scoping rules. For example

FN IUMBER-4 = (string:on., string: two, [4]string:three,t range: four)->string:
BEGIN

TYPE senum= NEW (sol s.21se31se4). #typodoc#

TYPE srow = [4)string.
TYPE shame = string.
YF FBODY-1 = (snaam:one, srow: two) -> (srow, sname): REFORM.
F1 INEI. : (string:one, sname: two, srow:throe, range: four) -> string:
BEGIN

LET sig-1 = FBODT_1 (one, three). #instance#
LET uig_2 = c"Ibcdefgh". *string#
LET sig_3 a one. #signal#
LET sig_4 = three[2J. #index*
LET hig_. z threeM3..4]. #trim#

LET sig-6 a three**[four]]. #dyindex#
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LIT sig-' a ?sum*e. #unim qu@Wy*
.LI 1ig9_8 a [6](FBODY_1 (two, three)). qunits(row)s
LIT sig._9 a 3ZPLACZ(thzo., four, one). #replace#
LIT clause B EGI1171 n ODTs a (suriug:j)->string:j. #begin..end#

RAKE FBODTS: fbodyS.
JOIN two -> fbodyS.
OUTPUT fbody_ .

END.
7i z111112 (stri• g:ono, s tane: two, srow:three, rauge: four) -> string:

one. Sfndecs
RAZ FBODT_-1: fbody.1.
JOIN (one, sig8_[13 (1] [13 COic sig8 [13 U3] [2..4]) -> fbody-.1 Scone#
OUTPUT sig_51i]

END.
RnAKE xv1_ : inneri. naeske
JOIN (0ne. two, three, four) -> inneril. #join#
LET output = jimeri1. *lot*
OUTPUT output

END.

The complete test program is given in appendix F.

This test program has been successfully submitted to the Lisp implementation of the rules
defined in this document. The complete file took 2.6 secs to translate into the Kernel via the
implementation on a SparcStation 2 and the final environment contained 72 functions and 30
global identifiers.

7.3 From Full ELLA to the Kernel

In appendix G we present an example taken from a description in High level ELLA using se-
quences, down to Core ELLA via the full ELLA system and then into the Kernel via the Lisp
system. The example is based on a three pump controller, the functionality of which is defined by

A reservoir is connected to a lake by a pipe line. Water is taken from the lake to the reservoir
by a system of three pumps. Three level sensors are installed on the reservoir. Their outputs
are denoted by signals a,, a2, a3 . Signal ai is 0 when the water is above level i, for i = 1,2,3
and has a value 1 when the water is below level i. The number of pumps that are on at any
one time depends on the water level in the reservoir. In particular: if the water level is between
level I and 2, then one pump should be in operation; if the water level is between level 2 and
3, then two pumps should be in operation; if the water level is below level 3, then three pumps
should be in operation. Of course, if the water level is above level I then no pumps should be in
operation. In order to equalise wear on the pumps, they should come into operation in a cyclic
manner.

Appendix G gives the descriptions for high,medium and Core ELLA as well as the Kernel
description which is written out in the recursive-let format.

7.4 Microprocessor Transformations

A number of high level descriptions of microprocessors where submitted to the complete trans-
formation system from Full ELLA to Core ELLA to the Kernel. Table 7.1 shows the resulting
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CPU times for the Core-to-Kernel phase together with the number of lines of Kernel code
generated. The number of lines of original high level ELLA and the resulting Core ELLA de-
scriptions are given for comparison. The Lisp code which produced these results was compiled
and loaded using the Harlequin Lisp system, this gave a very significant improvement in speed
for the transformation from Core-to-Kernel over equivalent interpreted code. The translator is
implemented on a SparcStation 2.

pprocessor High Level Core ELLA Kernel Lines No. of No. of Core-to-Kernel
ELLA lines Lines Functions ids Compile Time

68000 2'. 8 4280 72000 197 124 93.6 secs
Viper 2,.34 2625 24000 229 52 25.0 secs
6800 1088 2205 5300 46 212 23.0 secs
6502 991 1623 3900 41 88 16.3 secs

Table 7.1 Microprocessor Translation Times

The number of functions and identifiers correspond to those available in the final Kernel en-
vironment. The translation from High level ELLA to Core ELLA was carried out by means of
the software transformations in the full ELLA system.

8 Conclusions

In this document the formal definition of the Lisp implementation of the transformational
mapping from Core ELLA to the Kernel has been given. Examples of use of the Lisp imple-
mentation have been presented.
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A Glossary of Symbols

Functions

f: D1 x D 2 -. R signature
f & ... function definition
f(d) application
if ... then ... else ... condtional
let z = ... in ... local definition
case z of else ... end choice
pre pre-condition

Composite Objects

Object:: fieldname:fieldtype Record Object definition
(E, s ,- t) change field s of E to hold t

p(E, s P-4 (E.s t t)) update field s of E by overwriting with t

Sets

T-set finite subset of T
{tl,.-.,tkl} set enumeration
{} empty set
t E T set membership
T (n T2  set intersection
T, U T 2  set union
T, T2  set containment
z (. . -1, 0, 1, . .

N,{1, 2,...}
B {true, false}

Maps

D - R finite map
dora m domain
rng m range
mI t M2 overwriting

Sequences

so finite sequence
[s,'", Sk] sequence enumeration
I I empty sequence
len I length of sequence I

1 S2 concaternation
t (i E inds sequence). sequence[i] = s The unique element of sequence which equals s
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Transformat ion

Env = env(_,,.. _ Transformation Environment
Env.fieldname field selection in the Kernel

(Env.filedname)Inumber) indexing
inv( Env) invariant of environment Env

[Core-SyniazJ Rl Kernel-Ezpressions formal transformation

=D* .: -I- syntactic separaters ( :,)
ktypeL L= ktype 2  type equality in the Kernel

Kernel

typedec(_,-) Kernel data structure with wild-card entries
TypeOpt Type structure with optional element nil
TypeSeq Non-empty sequence of Types
kType 'Type' belonging in the Kernel
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"B Core ELLA Composite Syntax

B.1 Basic Notation

abc E Abc 'abc' is an element of the set 'Abc'
b c the syntax definition of 'b' is 'c'
I the separator of alternatives in a syntax definition
I ELLA separator of alternatives

d, ... dk one or more occurrences of 'd'
d, ..- , di one or more occurrences of 'd' separated by ,.

Note if k=1 then no ',' is present.
d, -- •, dk.1 zero or more occurrences of 'd' separated by ','.

Note if k=O then no ',' is present.
z ... ,-. , 0, 1,
N, {1,2,...}
Identifier Lower case letter
Fnname Upper case letter or symbol
Constant ELLA constant expression
Character Any printable character

B.2 Syntactic Categories

typename E Identifier (ELLA type name e.g. lower case)
signalname E Identifier (ELLA signal name)
tagname E Identifier (ELLA tagged type name)
altname E Identifier (ELLA enumerated type alternative)

fnname E Fnname (ELLA function name e.g. upper case or symbol)
biopname E Fnname (ELLA BIOP name e.g. upper case

z E Z (An integer)
lwb, upb E Z (An integer)

j,k E N1  (A non-zero positive integer)

index E N1  (A non-zero positive integer)
size E N, (A non-zero positive integer)
interval E N, (ELLA timing interval)
ambigtime E NI (Ambiguity delay time)
delaytime E NI (delay time)
skewtime E N1  (skew delay)

initialvalue E Constant (Delay, Retiming or Ram initialisation value)
ambigvalue E Constant (Delay ambiguity value)

char E Character (A printable character e.g. 'a')
string E String (A string of printable characters e.g. 'abc')
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B.3 Syntactic Definitions

Enumerated

enumerated altnare

tagname / z

tagname 'char
tagname "string"

Type

type typename
STRING [ size I typename
[ size ] type
(type 1,.., typeL.

I ()

Constant

const STRING I size 1 const 1

size i const
const 1

const I enumerated

altnanie & const 1
(constl,. consti.
? type
()

Constset

constset constset , I constset L.

constsetl STRING [ size ] constset2

[ size I constsetl
constset2

constset2 enumerated
aitname & constset2
( constseti, -, constset&,
type
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Unit

unit unit CONC unit 1
Iuni~t

unitl STRING [ size ] uniti
I [sizejIuniti
Ifnnanie un~itl

aitname & uniti
unit2 // aitnarne

Iu~nit2

unit2 - signalname
enumerated

Iunit2 [index
unit2 [indexli,,b .. index,,Pb

Iunit2 [[unit I]
IREPLACE (unit, unit, unit)
? type

Iclosedclause

Closedclause

closedclause CASE unit OF cases ELSE unit ESAC
( unit,, - *, unit,. )
BEGIN step, ... stepi..1 OUTPUT unit END

1 0)

cases constset, unit1,*, constsetk uflitL.

step typedec
Ifndec
ILET signalname =unit

MAKE fnname :signalnaine .
IJOIN unit - signalnarne

Function Body

functionbody Unit
IREFORM
IBIOP biopnarne
IDELAY (initialvalue, ambigtime, ambigvalue, delay ime)
IIDELAY (initialvalue, delaytirne)
ISAMPLE (interval, initialvalue, skewtime
IRAM ( initialvalue
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Type Declaration

typedec TYPE typename - typeornew.

typeornew type
I new

new NEW tagname / (lwb .. upb
I NEW ( typealt, I ... I typealth
I NEW tagname ('char 1 I... I'char)

typealt ::= altname & type
altnarne

Function Declaration

fndec ::= FN fnname i input - type functionbody.

input ::- ( terminall, -, termina1h.

()

terminal type : signalname

type

Closure

declaration typedec
fndec

closure declaration1 ... declarationL.
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C Kernel of ELLA Data Structure

C.1 Conventions

abc E Abc (ie. it is an element of the set Abc)
Indexer, Size, Fnno C N,
Typeno, Tagno, Inputno C N,
Signalno, Delaytime C N,
Interval, Ambigtime C N
Skew C Z
Inputtype, Outputtype C Type
Initialvalue, Ambigvalue C Const
Fnname, Biopname C Upper case identifier or operator
Name, Signalname C Lower case identifier
Typename, Tagname C Lower case identifier
Lowerbound, Upperbound C_ positive or negative integer
Character C printable character

C.2 Data Structures

Enumerated

Enumerated Enum
string( Typeno x TagnoSeq

Enum: enurn( Typeno x Tagno

Types

Type typeno( Typeno
typename( Typenarne x Type
stringtype( Size x Type
types( TypeSeq
typevoid

Constants

Const Enumerated
conststring( Size x Const
consts( ConstSeq )
constassoc( Enum x Const
constquery( Type
constvoid
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Constant Sets

Constset Enumerated
Iconstsetalts( ConstsetSeq
1constsetstring( Size x Constset

constsets( ConstsetSeq)
Iconstsetassoc( Enuin x Constset)
Iconstsetany( Type)

Units

U~nit Eniumerated
conc( Unit x Unit. x Outputtype

Iunitstring( Size x Unit.
Iunits( tlnitSeq )
Iinstance( Fnno x Unit

unitassoc( Enuin x Unit
extract( Unit x Enuni

Isignal( Signalno)
index( Unit x Indexer x Outputtype

Itrimn( Unit. x Indexer x Indexer x Outputtype
Idyindex( Unit x Unit x Outputtvpe
Ireplace( Unit x Unit x Unit

unitquery( Type)
Icaseclause( Unit x CaseSeq x Unit
Iunjtvoid

Case case( Constset Y Unit

]Function Declarations

Fndec - fndec( Fnname x Inputtype x SignaldecSeq x Outputtype x Fnbody

Signaldec signaldec( Signalnaine x Type x Unitorinput

Unitorinput Unit
Iinput

Fnbody Unit
Ireform
Ibiop( Biopname
Idelay( Initialvalue x Ainbigtirne x Ambigvalue x Delaytime)
Iidelay( Initialvalue x Delaytime)
Isample( Interval x Initialvalue x Skew

ram( Intialvalue



ELLA Transformation Rules 41

., Type Declarations

Typedec : typedec( Typename x New

New : tags( TagSeq )
I ellaint( Tagname x Lowerbound x Upperbound )
I chars( Tagname x CharacterSeq)

Tag tag( Tagname x TypeOpt

Closures

Closure TypedecSeq x FndecSeq
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Intentionally Blank
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D Signatures

In this appendix we give a complete list of the signatures of the transformational functions used
in this document.

SetEnv (Env)8
Stackenv 06
Unstackenv 06
Hdstack ()Env
Scope-Fn-Begin 0
Scope-Fn-End ()
Scope-Begin 0
Scope-End 0
Scope-End-Add-Fn 6B
Local-Scope-Rule Name -* B

Check-Joins 0 - B
Check-Two-Val kType -- B
Check-Fn Fnname - B
Check-Typename Name - B
Check-Signal Signalname - B

Add-Fn Fndec - B
Add-Type Typedec - 8
Add-Signal Signaldec x Sort -- B
Add-Join Signaldec x Signalno - B
Add-Tag Tagname - B
Add-Type-Name Typename x kType - B

Find-Lower-Nm Name -- Typetag u Sig
Find-Type-or-Alt Name -. kType U kEnum
Find-Sig-or-Alt Name -. (kUnit x kType) u kEnurn
Find-Fn Fnname - Fnno
Find-Unjoined Signalname - Fnno
Find-Type Typename - kType
Find-Alt Altname - kEnum
Find-ELLAint Tagname - Typeno x Lowerbound x Upperbound
Find-Integer-Type kType - Typeno x Lowerbound x Upperbound
Find-Char Tagname x Char - kEnumn
Find-Signal Signal -- kUnit x kType
Find-Assoc Altnarne - kType
Find-Row kType - N , x kType
Find-Biop Biopname x kType x kType - kFnbody

Get-Type kType - kType
Type-Equals kType x kType -. B
Biop-Type-Equals kType x kType - B
Get-Index kType x N1 -. kType
Trim kType x N1 x N, - kType
Conc kType x kType -- kType
Flatten kType - kTypeSeq
Is-Char NI - 8



Typel~iple kTypeSeq kTyrpe
Constl'uple kCOnstSeq -. kCouxst
ConstsetTuple kConstsetSeq -. kConstset
UnitTuple kUnitSeq -. kUnit
Disjoint kConstset x kConstset -~ B
Not-LoraI-Type kType - B

- T - C- Type xk Type
C- C C onst x kons x kType

- CS C: Constset x kConstset x kType
- U - Unit xkUnit xkType
- CC C Closedelause x kUnit x kType

CA -- -C Case x kC'onstsei x kType x kUnit x kType
- SP C Step xB

- NW C New x kNew

- TA g Typealt x Tag

- TDý g Typedecx B

T FD C Fndecx 8

-1 {.. C}-f~ Builtin x kT3Ipe x kType x k~ujitin

RIN g Inpuffnspec x kT&,pe
TM C Terminal x kType

D C Declaration x B
- L C Closure x B

- =KEiRNEL~ C Closure x kClosure

- -F k Type x kType - B
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•E Environments

This appendix describes the transformational environment and the environment which holds
the necessary information about all the Built in Operators.

E.1 Transformation Environment

The environment (Env) is defined to be a record object with 9 fields which will accumulate type,
function and signal declarations and maintain information about the scopes of identifiers.

Env typedec : kTypedec*
fndec : kFndec*

sigdec : kSignaldec"

fnmap : Fnname - Fnno
lclfnmap : Fnname - Fnno

tynamemap : Name - Typetag
Icitynamemap : Name • Typetag

signamemap : Signalname • Sig
iclsignamemap : Signalname - Sig

usedtyname : Name-set
usedfnname : Fnname-set

usedsigname : Signalname-set

inv(Env) A
(doam (Env.lcltynamemap) n doam (Env.!chsignamemap) n dom (Env.signamemap))

A doam (Env.lclfnmap)

with the following being local to the translation process

Typetag = typeno(Typeno) (new TYPE)
"U typename( Typename x kType) ( TYPE alias)
"U consttag(Typeno) ( TYPE tagname alternative)

Sig = sig(Signalno x Sort) (Signal name)
Sort = joined I unjoined (status of signal input field)

The invariant of the environment is defined to be inv(Env) which states that all signal and type
names must be unique and all function names must be unique.

Note that the first three fields of Ent, are sequences. The use of each field can be summarised
as follows
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"Env.typedee Accumulates all typedecs for the final closure,
Env.fndec Accumulates all fndecs for the final closure,
Env.sigdec Accu.mulates signaldecs for each fndec,
Env.fnmap Fn name map - visible outside the most local scope,
Env.lcifnmap Fn namne map- in most local BEGIN..END scope,
Env.tynamemap Type information map - visible outside the most local scope,
Env.lcttynamemap Type infoixation map - in most local BEGIN..END scope,
Env.signamemap Signal name map - visible outside the most local scope,
Env.lclsignamemap Signal name map - in the most local BEGIN..END scope,
Env.usedtyname Type name used and not available for redeclaration,
Env.usedfnname Function name used and not available for redeclaration,
Env.usedsigname Signal name used and not available for rededaration,

Note fnname's are generated by FN declarations, tyname's are generated by TYPE declarations
(both the TYPE name and their tags), and signame's are generated by MAKE, LET and input
parameter declarations. The used fields hold the naanes of those identifiers which are exterior
to the local scope and which have been used but not redefined within the local scope.

E.2 Built-In Operator Environment

The environment for the Built-In Operators (BiopEnr) is a sequence of objects which hold the
BIOP name and its typing information

BiopEnv :: biop : kBiop"

Biop :: biopname Fnname
inputtaype kTypc

outputtype kType

Due to the Macro nature of BIOPs the full type inforination cannot be held, thus only the basic
information as to whether a BIOP expects an enumerated or a string type input is held in this
environment. The full type checking of a BIOP specification occurs at the dynamic semantic
stage, see (Hi192].

The library of BIOPs supported by the transformation are listed below, where type represents a
basic enumerated type, ttype a two valued enumerated type and string represents a string type,
flag is a two valued enumerated type used for indicating the success or failure of an operation.
For further information on the BIOPs the reader is refered to the ELLA Language Reference
Manual [Com90].

AND (ttype, ttype) -. ttype
AND (string, string) -- string
OR (ttypc, ttypc) - itype
OR (string, string) - string
XOR (ttype, ttype) -. ttype
XOR (string, string) -. string
NOT ttype -, ttype
NOT string -- string
EQ (type,type) -. ttype
GT (type,type) -ttype
GE (type, type) -. itype
LT (type, type) -. ttype
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LE (type, type) - ttype
EQUS (string, string) - ttypc
GT.US (string, string) - ttype
GEUS (string, string) -• type
LTLUS (string, string) - ttype
LE.US (string, string) -. ttype

EQ.S (string, string) -. ttype

GT.S : (string, string) - itype

GE.S : (string, string) -. Htype

LT.S : (string, string) -- Itype

LE.S : (string, string) -- ttype
SL : string - string

SRS : string - string

SR.US : string -- string

PLUS-US : (string, string) -. string
MINUS-US : (string, string) - string

NEGATE-US : string - string

TIMES-US : (string, string) - string

DIVIDE-US : (string, string) - (flag, string, string)

SQRT.US : string - string
MOD-US : (string, string) - (flag, string)

RANGE-US : string - (flag, string)

PLUSS : (string, string) - siryny

MINUS-S : (string, string) - string

NEGATE-S : string - string

TIMES.S : (string, string) -- string
DIVIDES : (string, string) - (flag, string, string)

MOD-S : (string, string) - (flag, string)

RANGE.S : string - (flag, string)

ABS-S : string -- string

TRANSFORM-US: type - (flay, string)

TRANSFORM-US: string - (flag, type)

TRANSFORM-S type - (flag, string)

TRANSFORM-S string - (flag, type)
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F Transformational Rules Test System

8 A TEST SUITE FOR THE CORE TO KERNEL TRANSFORMATION RULES

TYPE onus a NEW (.l I .2 1.3 I .4 1 .5 I .6 1 .7 1 .8 19 ). Stages

TYPE tnaao m 0um. typenamo#

TYPE trow * (onun, onim, ehum, enum). ftypess

TYPE ant ME i/(-100..200). Xellaint#

TYPE char NEW (c'a I'b I'c I'd I'e I'f I'g I'h I'A I'B ). *chars#

TYPE assoc N NEW (val & mt I choice & enum I noat). Stags$

TYPE string a STRING (8J char. #stringtype#

TYPE address z NEW ad/(1..256).
TYPE enable = NEW (yes I no).

TYPE range • NEW r/(1..4).

TYPE bits (in%. char, string, %name).

TYPE void = 0. Itypevoidl

# These function bodies should check each individual expression S

#UNITS#

FN FBODY-1 = (tname:one, troa:two) -> (trov, tname): REFORM. Vreform#

FN FBODT_2 = (enum:one, int: two) -> (tname): BIOP AND. #biop#

FN TBODY_3 (tname:one) -> (enum): DELAY(a2, 3, e4. 5). XdelayV

FN FBODY_4 = (bits:one) - bits: IDELAY((i/3,c'g,c"abcdefgh".e9), 6). #idelayl

FN FBODYT_ = (enum:one) -> (onum): SAMPLE(3,e5,2). usamples

FN FBODY_6 = (trow:one, address: two, address: three, enable: four) -> #ram$

(trow): RAM([4]e7).

FN FBODY_7 = (hnum:one) -> enum: el. #enumX

FN FBODT_8 = (int:ono) in%: i/3. #enum#

FN FBODT_9 z (char:one) -> char: c'd. SenumS

F1 FBODY_10 = (bits:one) -> bits: (i/3, c'g, c"abcdefgh", W9). #units#

FN FBODY.11 z (string:one) -> string: c"abcdgfhe". #string#

FN FBODY_12 z (trow:one ,enum:two) -> i5)enum: one CONC two. sconct

FN FBODYT13 = (trow:one ,enum:two) -> [5senum: two CONC one. sconcs

FN FBODT-14 = (trow:one ,trow:tvo) -> [8]enum: one CONC two. SconcS

FN FBODT-S1 = (string:one) ->string: STRING [8] c'a. SunitstringS

FE FOODY-16 z (enum:one, snum:tvo) -> [2)enum: (one, two). *units$

FT FBODY-17 = (enum:one) -> enum: FBODYS one. #instance$
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FTV PODT.-18 - (Unt:on.) -> assoc: val & one. sulmitasuocs

FE FBODY-19 = (assoc:on.) -> enum: one // choice. lXatracti

FN FBODY-.20 =Cassoc:on.) -> assoc: one. #signals

FV FBODY-.21 = Ctrov:on.) -> nwf: one[2). *index*

TV FBODY-22 z (trow:one) -> 2Jenum: oner3. .4). Itrims

TE FBODY-.23 = (trow:on., raxig.:two) -> enuin: onat~tvo)). XdyindezS

FN FBODY-24 = (trov:one. raxnge:two. enum:thre.) -> tro,:REPLICE(ons.ctwo~tkhree).
*replace*

FTV FBODY-26 = (char:one) -char: ?char. Xunitquerys

FN FBODY-26 =(int:one) ->char: CASE one OF i/2:c'a, i/ -2:clb ELSE c'd ESAC.

8 can eclaus .8

FN FBODT..27 =)- 0: BEGIN OUTPUT () EN:D, zxutvoid*

SCONSTINTSS

FV FBODT-28 =(enum:one) -)enum: IDELAY( el, 3). Xenajm#

FV FBODY-.29 =(int:one) -int: IDELAY( 1/7, 3). #Onus#g

FN FBODY-30 = (char:on.) -char: IDELAY( cld, 3). XenumN8

FN FBODY-31 =(string:one) ->string: IDELAY( c"abcighdo". 3). Xstring#

FN FBODY-.32 =(string:one) ) string: ID ELAY( STRING [8) c'c, 3). #conststring8

FN FBODY-33 =((enwu, int):one) -> (enum, int): IDELAYC (e1,i/1), 3). 8constsu

FN ?BODY-34 = (assoc:one) ->assoc: IDELAY( val & i/7, 3). sconstassocs

FE FBODT-.35 = (.num:one) ->enuzn: IDELAY( 'enuim. 3). sconstquery#

FY FBODY-.36 =C) -> C): IDELAY( (). 3). Xconstvoid$

XCOESTAIT SETSX

FE FUODT..37 z (enua:one) -)onum: CASE one OF 91: e2 ELSE e3 ESAC. ignuat

Fir 73IDT-38 a (±nt:on.) -int: CASE one OF i/4: i/2 ELSE ill ESAC. Xenm-

FT FBODY-39 a (chaz:one) ->char: CASE one OF c'a: c'A, ELSE c'B ESAC. #.nlumU

FE FBODY-.40 = (string:one) -> string: CASE one OF sstringt
c~aaaaaaa'": c~hgfodcba"

ELSE c'abcdefgh"
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ESAC.

FN FBODT-41 a (tname:on.) ->char: CASE one OF #constsetaltsX

e11*21*3 : c'A
ELSE c'S

ES AC.

FN FBODT..42 x (string:oen. ) string: CASE one OF sconstmesttring#

STRING C83 c's: STRING [63 c1A
ELSE STRING (83 c'B

ESAC.

F1 FBODY-43 = ((enua. int):on.) -> (enum. int): CASE one OF Sconstiets#
(0,.i/3): (e.2 i/9)

ELSE (o3. i/2)
ESAC.

FN 7BODT.-44 a (ausoc:one) -> assoc: CASE one OF sCOnstsetaUsoc#
val &ic /3: choice & el

ELSE val & 1/18
ESAC.

FN FBODY-.45 = ((enuin, char):one) -> assoc: CASE one OF #coflstsetaflyX

(el, char): choice A oneft)

ELSE nowt

ESAC.

# Functions which place and call signal values and local in's, type's #

$Funct ion using enumerated types#

FN IUMBER-.1 (enum: one, tname: two, trowý three. assoc: four, range: five)

->assoc:

BEGIN

LET sig..I FBODY-3 one. #lnstance#
LET sig..22 four // val. #extractX

LET sig-.3 el. XenumX

LET sig-4 one. #signala

LET sig..& three (2). #index#

LET sig-6 =thres(3..4). #trimn#

LET sig..7 =threo[Cfive]). #dyindex#

LET sig-.bits =(i/3,c'g,c~abcdefgh",?enum). xulis#

LET clause = BEGIN LET clause..I = FBODY-4 sig-bits. #begin. .ond#
MAKE FBODY..S: fbody-S.
JOIN two -> fbody-..
OUTPUT fbody-6

END.

LET sig-8 =?tname. #unitquery#

LET sig-.9 = [J(FBODT..1 (two, three)). Vunits(rov)g

LET hig.10 aSTRING [33 c1A. #unitstringX
LET sig..11 = Mons. Sunits(row)#

LET sig-.12 =REPLACE(thr~e. five, one). xreplaco#
LET uig..13 a ig..3. #signal#
FN INUMER-.2 = (enuo: one, tnazne: two, trov: three) -> enum:one.
MAKE FDODY..1: fbody-.1.
.1011 (one, sig..ii(IJ CONC sig-11[2. .4J) -> fbody-1. Sconc#

OUTPUT val Ak sig-2 Xun' tassocN
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END.

SFunetion using ella integers#

FN NUMBEPR.2 (iut: one, int: two, Cint~int-ivt-iflt): three, range: tour)

BEGIN

LET sig..1 =FBODY.8 one. *instanlce#

LET sig-2 1/8. #onW5#

LET sig-.3 =one. *signal*

LET sig-4 =three (2). *index#

LET sig-6 =three (3..4). #trizn#

LET sig-6 = tbree(li our)). #dyindez#

LET sig-.7 = ?inlt. #unitquary#

LET sig..S = E63(FBODT.S (two)). #units(row)s

LET sig..9 = Wa)ne. sunits~row)#

LET sig-1O = REPLACE(three, four, one). Sreplace#

LET sig-1 = ig..3. $signal*

LET clause = BEGIN FN FBODY_5 = (int:j)->int:j. #begin..end#

MAlKE FBODY-S: fbodyS.
JOIN two -> fbody-..

OUTPUT fbody-S

END.

Fl NUMBER-2 = (int: one, int: two, [41int: three) -> nt:one. #fndec#

MAKE FBODY-S: fbody-S. Xmake#

MAKE NUMBER..2: number..2.

JOIN (one, sig_..h, sig_9[l) CONC sig..9[2- 4]) -) number-.2. #join#

JOIN nuznber.2 -> fbody-8.

OUTPUT fbody-.8

END.

S function using characters #

F1 NUMBER-3 =(char:one, char: two, [4jchar:three, range: four) ->char:

BEGIN
TYPE cenum =NEW (cellce2lce3lce4). #typedec#

TYPE crow =(4) char.
TYPE cnazue =char.

FN FBDODT.1 =(cname:one, crow: two) -> (crow, cnane): REFORM~.

FN INNER-1 (char:one, cname: two, crow:three, range: tour) ->char:

BEGIN
LET sig-1 = BODY..1 (one, three). Sinstance#

LET sig..2 = cla. Xenum#

LET sig..3 = one. *signal#

LET sig-.4 =throee 2). #±ndoxg

LET sig..5 = shre*[3..4). ftrim#

LIT hig..S = three li our)). wclyindex#

LET sig..bits =(if -2,c'f.STRING [8) cle,e7). SunitaX

LET clause = BEGIN FN FBODY..S =(char~j)->char:j. Sbegin..endS

MAKE FBODT..S: fbody-6.
JOIN two -> fbody-S.

OUTPUT fbody-..

END.

LET sig-7 = ?cnams. StunitqueryX

LET uig..U = E)(FDODY-1 (two, three)). Munits(row)#

LET sig..O = REPLACE(thr.O, four, one). #replace#

FI INVEJ.-2 z (cha~r:one, cname: two, crow:three, range: four) -> char:one.



ELLA Transformation Rules 53

MAKE FIODY..l: fbody-1.
JOIN (oA.. Sig-8~i 1J Li)11 CONC Sig-S(IMI)E]2..4))) fbody..l. $conce$
OUTPUT sig.6 (1)

END.
MIKE INNER..1 :inner.... SmakeS
JOIN (one. two, three. four) -> inner..l. #join#
LET output = uinner... Slot#
OUTPUT output

END.

S Functions using strings S

FN NUNBER..4 = (string:on.. string: two, [4)string:three. rang.: four)->string:
BEGIN

TYPE senum a NEW (soliso2jse3is.4). Xtypedec#
TYPE aro. = (43 string.-
TYPE oname = string.
FN FBODY..1 z(sname:ono. srow: two) -> (3row, sname): REFORM.
FN INNER-1 =Cstring:one, aflame: two, srow:three, range: four) -> string:
BEGIN

LET sig-1l FDODY-1 Cone, three). #instance#
LET sig..2 =c"Abcdgegh". #String#
LET sig-3 =one. sfignals
LET sig-.4 =three (2). SindeiS
LET sig-6.= three (3..4). $trim#
LET sig..6 =threetCfour)). 9dyindex#
LET sig..7 =?sname. #unitquery#
LET sig..8 = 5J(FBODY..l (two, three)). Simits(row)#
LET sig-9 aREPLACE(three, four, one). #replace#
LET clause BEGIN FN FBODY-.5 (str~rig~j)->string:j. gbogin..end#

MAKE FBODY-5: fbodyS.

JOIN two -> fbody..S.
OUTPUT fbody-5

END.
FN INNER..2 =(string:one, snane: two, srow:three, range: four) -> string:

one. Xfndocs
MAKE FUODY..l: fbody-..l
JOIN (one, sig..8ElJ1i)Ei) CONC 3ig..S[iJ Ei) 2..i)) -> fbody-1. #cone#
OUTPUT sig-6S 1)

END.
MAKE INNERI1 : inner..l. SnakeS
JOIN (one, tvo, three, four) -> inner..l. #join#
LET output zinner..l. slats
OUTPUT output

END.

S Function using associated types #

Fl IUMBER-.6 =(assoc:one, assoc: two. (4Jasxoc:three, range: four)->assoc:
BEGIN

TYPE aenum a NEW (aollao2gae3. Xtypedect
TYPE are, x W4assoc.
TYPE aname = assoc.
FN FBODY-.1 = (aname:one, &row: two) -> (arow. &name): REFORM.
FN INNER_1 =(assoc:one, aflame: two. arow:three, range: four) -> assoc:
BEGIN

LET sig-i = FBODT..1 Cone, three). SinstanceS
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LET sig..2 aval & i/ -6. #iasc
LET sig.,3 a oea. *signals

LET sig-.4 a three (2). *index*

LET sig..5 a tbre*3..4). $trims

LET sig-.6 a thre*EC~our]). Sdyindex#
LET sig-.7 a?as soc. #winitquery#

LET sig..8 a [SJ(FBODY-.. (two, three)). #units(row)*

LET sig-.9 a one vI al. *extract*

LET sig-.1O a val s ig-9. Sunitassoc#

LET a15.11 z REPLACE~three, four, one). freplace#

LET clause a BEGIN FN FBODY-S. z (assoc:j)->assoc:j. #begia. .ond#

MAKE FBODY..&: I body-.S.
JOIN two -> lbody-..5
OUTPUT fbody-S.

END.
FN INIER-2 = (assoc:ons, aname: two, arow:t.-r-t. range: four) -> assoc:

one. SIndec#

MAKE FBODTJ1: fbody-..
JOIN (one. sig-OCII1J Ci C CONC sig..8[1) Ci)[2. .4)) -> fbody-1.
OUTPUT Sig-SEl)

END.
MAKE INIER-.1 : iner1 #make#

JOIN (one, two, three, four) -> inner-1. #join#
LET output = inier-.1.#lt

OUTPUT output
END.

# Function using composite types

FN NUMBER-.6 =(bits:one, bits: two, [4)bits:th~ree, range: four)->bits:

BEGIN
TYPE benum = NEW (belibe2ibe3). #typedecS

TYPE brow = [4)bits.

TYPE bname =bits.
FN FBODY.1 =Cbnazne:one, brow: two) -> (brow, bnaine): REFORM.

FN INNER..1 =(bits:one, bnazne: two, brow~three, range: four) -> bits:
BEGIN

LET sig.-1 =FBODY-1 (one, three). *instance#

LET sig-2 =one. #signals

LET sig-~3 = thrsee[2). #index#

LET sig-4 = threeC3..4). #trim#

LET sig-5 = three CfIour)). Sdyindex*

LET sig-6 z ?bnaziw. Sunitquery#

LET sig.' C63(FBODY-1 (two, three)). Sunits(rov)#

LET sig-..= REPLACE(three, four, one). #replace#

LET clause BEGIN FN FBODYS = (bits:j)->bits:j. Sbegin..end#
MAKE FBODY-6: fbody-..5
JOIN (i/3,c'g,c"abcdefgh",?.num) ->fbody-..5

OUTPUT fbody-.S
END.

TN INNER-2 = (bits:one, bname: two, brow:three, range: four) -> bits:

one. Sf nkecS

MAKE FBODTJ1: fbady..1.
JOIN (one, uig-7EI) I) Ci) CONC sig..7 El) i)[2. .4]) -> fbody-1.

OUTPUT Sig_4 Ci
END.
.MAKE INNEAJ1 : imacri. Smake#
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JOIN (one. two. three. four) ->izmer-. #join#
LET output zinner-1. *lot#
OUTPUT output

END.

# Compound case choosers 3

FN IUMfl..7 z (onum: one, string: twe, asscc: three, trow: four)->Ctrov..num):
CASE (one.two~thro..our) OF

(*11e2le3. STRING[Blc'A. v.1 & i/O. [4).4) :FBODY-i (one.iour).

$shows correct fn scope#
(enum, c'abcdefgh', choice & *., Ce4.o3.e2.e1) (four. one).
(.4. chgiedeba". newt. [4Je3) (Ce4.e3,3,o3.1). e7)

ELSE (?trow, ?enun)
'SAC.

# This case statement should cover all possibl, chooser states #

FN NUMBER..8 = (enuzu:one, char:two) -> assoc:
CASE (one, two) OF

(01. c'Alc'B) :choice & el,
(el, clalc'bic'clc'dlc'e) :choice & el,
(e1. c'ilc'glclh) nowt,

(e21*31e4. c'elc'flclglc'h) :choice & e3,
C.21e31e4, c'ale'ble'clc'd) :choice & .3.
(.2. c'A) now%,
Ce31e4. c'Alc'B) :choice t e7,
(e2. c1B) va1 k i/O,

(es~lo6e7, c'oIc'flc'glc'hlc'B) va1 & 1/ -3,
Ce&1e61e7, c'alc'blc'clc'dlc'A) vailk iI -3,

(e81e9, CIA) :v.1 & 1/3.
(*Slog, c'alc'blc'clc'd) v.1 & i/5,
(08109, c'eic'ilc'glc'h) choice & e2

ELSE ?assoc
ESAC.

FINISH
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"G Three Pump Controller

G.1 Introduction

This appendix presents a high level, medium level, Core and Kernel description of a three pump
controller. The definition of the controller is given by:

A reservoir is connected to a lake by a pipe line. W4ater is taken from the lake to the reservoir
by a system of three pumps.
Three level sensors are installed on the reservoir. Their outputs are denoted by signals a,, a2 ,
a3 . Signal ai is 0 when the water is above level i, for i = 1,2,3 and has a value 1 when the
water is below level i. The number of pumps that are on at any one time depends on the water
level in the reservoir. In particular: if the water level is between level I and 2, then one pump
should be in operation; if the water level is between level 2 and 3, then two pumps should be in
operation; if the water level is below level 3, then three pumps should be in operation. Of course,
if the water level is above level I then no pumps should be in operation. In order to equalise
wear on the pumps, they should come into operation in a cyclic manner.

G.2 High Level Description

In this section we give a high level description of the pump controller.

TYPE pump = NEW (none I a I b I ab I c I ca I bc I abc ),
level = NEW 1/(0..3).
bool = NEW (t I f).

FS CONTROL = (level:in) -> pump:
C SEQ

PYAR store ::= (none,t);
store CASE in OF

1/0 (store[i],t),
1/1 CASE store[l] OF

a I ca : (b,f),

b I ab : (c,f)
ELSE (a,f)

ESAC,

1/2 CASE store[l] OF
a I ab (bcf),
b I bc (caf)
ELSE (ab,i)

ESAC,
1/3 (abcf)

ESAC;
OUTPUT CASE store[2) OF

t: none,
1: store [1)

ESAC
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.4"

Three enumerated types have been defined. The first 'pump' denotes which pumps are actually
operating, the pumps being known as 'a'. 'b' and 'c'. At first glance the ordering of the
enumerated type might appear strange. However the ordering was chosen such that when the
circuit is transformed to gate level the output of the controller will be a three bit signal, with
each bit representing one of the pumps. The second type 'level' denotes the level of water in
the reservoir, with zero representing a full reservoir. The third type is a boolean flag which is
used in the monitoring of the active pumnp. The function CONTROL is the pump controller
and its CASE clause sets up which pumps get switched on.

Although CONTROL has been written using sequences this is not really necessary. A functional
version of CONTROL is therefore given, this being an equivalent description to the sequential
form.

1 F1.-DELAY = (C pump, bool )) -> ( pump, bool ): DELAY(( none, t ), I

. IlNTROL C level: in ) -> pump:
BEGIN

MAKE F1.DELAY: s3store.
LET store =

CASE in OF
1/0: ( s3store[ 1 ], t ),
1/1:

CASE s3store[ 1 ] OF
a I ca: ( b, : )
b I ab: ( c, f )
ELSE ( a, )
ESAC,

1/2:
CASE s3store[ 1 ] OF
a I ab: C be, ),
b I bc: C ca, f )
ELSE ( ab, f )
ESAC,

1/3: ( abc, f )
ESAC.

JOIN store -> s3store.
OUTPUT

CASE store[ 2 1 OF
t: none,

f: store[ 1 I
ESAC

END.

G.3 Medium Level Description

This section presents the results of replacing the enumerated types for the pump switch's and
level indicators by rows of two valued types. This synthesising of the types makes explicit the
algorithm behind the type naming of the high level version. It would have been possible to
describe the controller from the medium level from the outset, however the higher level version
provides extra checks. In particular in the high level version the level indicators can only take
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"four possible values whereas in this medium level version t hey can take eight. This medium level
version treats such illegal values as 'unknown' and causes the simulator to return the ELLA
unknown value, whereas the high level version would explicitly indicate if the level integer range
was violated.

This medium level version has maintained close correspondence with the high level version by
the use of 'constant' statements. Thus the majority of the controller description has remained
unaltered, hence reducing the likelihood of error. The complete description is given by

TYPE switch = NEW (on I off).
pump = [3]switch,
level = [3]switch,
bool = NEW (% I f).

CONST none = (off, off, off),
a = (on. off, off),
b = (off, on, off),
c = (off, off, on),
ab = (on, on, off),
ca = (on, off, on),
be = (off, on, on),
abc = (on, on, on).

CONST levelO = (off, off, off),
levell = (on, off, off),
leve12 = (on, on, off),
level3 = (on, on, on).

FN CONTROL = (level:in) -> pump:
C SEQ

PVAR store ::= (none.t);
store : CASE in OF

levelO : (store[13,t),
levell : CASE store[13 OF

a I ca (b,f),
b I ab : (c,f)
ELSE (a,f)

ESAC,
level2 : CASE store El] OF

a I ab (bc,f),
b I bc : (ca,f)
ELSE (ab,f)

ESAC,
leve13 : (abc,f)

ESAC;
OUTPUT CASE store[2) OF

%: none,
f: store[(]

ESAC
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G.4 Core Description

This section presents the results of synthesising the medium level description of the pump
controller through the ELLA-GATEMAP [Pit88] system. Apart from the functions F1-DELAY
and CONTROL all the other functions are basic cells in one of the technology libraries that
GATEMAP supports.

---------------------------------------------------------------------

* ELLA netlist generated by GATEHAP II version 1.2 8
I 8

0 Module : CONTROL 8
# Date : 16-MAY-1991 13:41 8
# Library : USR$WORK:[] #
0 Technology : USR$GATEMAPROOT:[12.TECHNOLOGIES]******* 8

------------------------------------------------------------------------------------ 8

------------------------------ TYPES --------------------------------- #

TYPE bool = NEW( f I t I x I z

TYPE tech-bool = bool.

CONST logicO = f.

8 -------------------------- LIBRARY CELLS ----------------------------- #

F1 INVI = ( bool: a ) -> bool: # Inverter 8.

F1 NAND2 = C bool: a b ) -> bool: # Two Input NAND 8

FE NIAND3 = C bool: a b c ) -> bool: X Three Input NAND 8

FN NOR2 = ( bool: a b ) -> bool: 0 Two Input NOR #

FN NOR3 = C bool: a b c ) -> bool: 8 Three Input NOR I

FN 12A1OR - ( bool: a b c d ) -> bool: NOR(AND(a,b), AND(c,d)).

F1 EXNOR = ( bool: a b ) -> bool: I Two Input Exclusive OR #

FN CLUB C bool: ai ) -> ( bool, bool ): I Clock Drvier I

FN DF = C bool: ckt cki d ) - C bool, bool ): I Clocked Cell 8
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I ---------------------- ELLA DELAY FUNCTION ---------------------------S

FE F1..DELAY *Ctech..bool: unnamed-.input..1, tech-.bool: unnamed-.input..2.
tech..bool: unnamod..input-..3 tech..bool: unnaznd..input..4 )

BEGIN
NAKE DF :xcmpl7 xcmp19 xcmpl5 xcmp2l,

CLIB: xcmplS.

.1011 (xcmpl8( 1 3. xcuplS[ 2 ). unnamed..input-.3 ) ->xcup17.

Cxcmp18[ 1I) xcmplS[ 2 J.unnained.input-2 ) -> cmpl9,
Clogic... ) ->xcmPla,
CxcmplS[ 1IJ xcmpl8( 2 ).unnamed..input-.1 ) -> cmp15,

( cmplS[ 1 J, xmp18[ 2 ),unnamed..input-4 ) ->xcmp2l.

OUTPUT ( xcaplSC 1 ). xcmpl9[ 1 ), xcmpl7[ 1 ), xcmp2l[ 1I
EN1D.

I------------------------- PUMP CONTROLLER ---------------------------- S

FE CONTROL a(tech..bool: in-, toch-bool: in..2, tech-.bool: in-.3 )-
Ctech.-bool, tech..bool, tech-bool )

BEGIN
MAKE INV1 xcmp39 xcmp69 xcmp76 xcmp24 xcmp74 xcmp33 xcmp6l xcmp37,

NAND2 xcmpS6 xcmp66 xcmrp25 xcmp36 xcmp38 xcmp53 xcmp7O

xcmp47 xcrap64,
IAID3 xcmp45 xcmp67 xcmnp84 xcmp35.
10R3 xcmp75 xcmp4O xcmnp8O,

X2ANOR :xcmp78 xcmp72 xcznp82,
EZIOR :xcmp48,
F1..DELAY: xcmp4.

JOI1N xcmp72, xcmp67 ) >xcmp56,

Cxcup37. in-21 xcmp47 ) >xcmp4S,

C cmp56 )-> xcmp39,
Cxcmp76, xcmp4[ 1 J, xcmp74 )-xcmp7S,
Cxcmp37, in-..2 xcmp66 ) -> xcmp35,
Cin..1, xcmp4[ 2 ), xcmp37, xcmp8O ) ->xcmp78,

Cxcmp6l, xcnmp4t 2 ) - xcmp66,
Cin..1, xcmp4[ 1 1, xcmp37, xcmp75 ) -xcmp72,
(xcmpS3 ) -> xcmp69,

(in..2, xcmp4C 1 J, xcmp4[ 3 ] )xcmp4O,

Cin..3 ) -> xcmp76,

Cxcmp24, xcmp37 ) >xcmp25.

(in-.1, xcmp4( 3 1,in-3, xcmp48 ) ,xcmp82,

Cxcmp78, xcmp3S -> xcmp36,
Cxcmp37. in..2, xcmp64 ) -> xcmp67,
Cxcmp39, xcap37 ) -> xcmp38,

(xemp37, xcmp4( 1 J, xcmp4E 2 J - xcmp84,

Cxcmp3e - xcmp24,
Cxcmp4[ 3 J )xcmp74,

(xcmp4[ 2 ) >xcmp33.

Cxcmp4[ I ) >xcmp6l,
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( xcmp82, xcmp45 ) -> xcmp53,
( in.1 ) -> xcmp37,

( xcmp69, xcmp37 ) -> xcmp7o,

( xcmp33, xcmp4[ 3 ) ) -> xcmp47,
C xcmp66, xcmp47 ) -> xcmp64,
C xcmp76, xcmp6l, xcmp4[ 2 ] ) -> xcmp8O,

( xcmp40, xcmp84 ) -> xcmp48,
( xcmpS6, xcmp36, xcmpS3, xcmp37 ) -> xcmp4.

OUTPUT ( xcmp38, xcmp2S, xcmp7O )
END.

G.5 Kernel Description

After passing the above Core-ELLA description through the Lisp implementation of the trans-
formation rules the resulting Kernel description, expressed in recursive-let format is

TYPEDEC bool = NEW (f I t I x I z)
FNDECS>
FNDEC BOOLDELAT = (bool) -> (bool):

BEGIN 0)
OUTPUT DELAY(x, 1. x, 1).
END.

FNDEC INVFN = (bool) -> (bool):
BEGIN (LET in = input.)
OUTPUT CASE in OF

S(t : f) (f : 0) ((X 1z) X ))
ELSE ?bool
ESAC

END.
FIDEC EXNORFN = ((bool, bool)) -> (bool):

BEGIN (LET a = input. LET b = input.)
OUTPUT CASE (a,b) OF

ELSEf) ICEt)) : O)
ELSE CASE (a,b) OF

M Ct If).(% If)) : W)
ELSE CASE (a,b) OF

M X ICx z It If),(X Iz It If)) X))

ELSE ?bool
ESAC

ESAC
ESAC

END.
FIDEC I1VI = (bool) -> (bool):

BEGIN (LET a = input.)
OUTPUT INV_FV a
END.

FIDEC NANDNAC = ((bool, bool)) -> (bool):
BEGIN (LET in = input.)
OUTPUT CASE in OF

(((t.t) : ))
ELSE CASE in OF

M (t If),Ct If)) : 0))
ELSE CASE in OF

C (C(x Iz It),(x Iz It)) : x))
ELSE CASE in OF
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C ((M x Iz It Ifi)Cx Iz It If))
ELSE ?bool
ESAC

ESAC
ESAC

ESAC
END.

FIDEC AIND2 ((bool. bool)) -> (bool):
BEGIN (LET a a input. LET b = input.)
OUTPUT NAED_.AC (ab)
EIRD.

FIDEC NANDMACN7 ((bood. boo, bool)) -> (bool):
BEGIN (LET in s input.)

OUTPUT CASE in OF

ELSE CASE in OF

ELSE CASE in OF
( (C(x Iz It),(x Iz I-t),(x Iz It): x))
ELSE CASE in OF

( (M(x Iz It If),(x Iz It If),(x Ix It If)) : ))

ELSE ?bool
ESAC

ESAC
ESAC

ESAC
END.

FIDEC NAND3 ((bool, bool, bool)) -> (boo]):

BEGIN (LET a = input. LET b = input. LET c input.)
OUTPUT NANDMACN7 (a,bc)
END.

FNDEC NOR-MAC = ((bool, bool)) -> (bool):
BEGIN (LET in = input.)
OUTPUT CASE in OF

((C(,f) : ))

ELSE CASE in OF
Mt (((l),(t IW) : f))

ELSE CASE in OF

M ((Cx Iz Il).(x Iz if)) : x))
ELSE CASE in OF

M ((Cx Iz It If),(x Iz It If)) f))
ELSE ?bool
ESAC

ESAC
ESAC

ESAC
EIND.

FIDEC NOR2 = ((bool, bool)) -> (bool):

BEGIN (LET a = input. LET b = input.)

OUTPUT NORMAC (a,b)
END.

FIDEC NORMACN3 z ((bool. bool, bool)) -> (bool):

BEGIN (LET in i input.)
OUTPUT CASE in OF

( ((1,,) W))
ELSE CASE in OF

M t(( If).(% If),(t If)) : f))
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ELSE CASE in OF

( (((x Iz If).(x Iz If).(x Iz If)) : X))
ELSE CASE in OF

( (((x Iz It lf).(x Iz It If).(x Iz It If)) : ))

ELSE ?bool
ESAC

ESAC
ESAC

ESAC
END.

FIDEC 1OR3 ((bool, bool, bool)) > (boo1):
BEGIN (LET a z input. LET b input. LET c input.)
OUTPUT NORMACN3 (a.b,c)

END.
FUDEC AND-MAC = ((bool, bool)) -> (bool):

BEGIN (LET in = input.)

OUTPUT CASE in OF
((t.t) : w

ELSE CASE in OF
M t(( If),(t If)) : f))

ELSE CASE in OF

C (((x Iz !t).(x Iz It)) : x))

ELSE CASE in OF
C (((x Iz It If).(x Iz It If) f))

ELSE ?bool
ESAC

ESAC
ESAC

ESAC
END.

FNDEC I2ANOR = ((boo1, bool, bool, bool)) -> (bool):
BEGIN (LET a input.

LET b input.
LET c = input.

LET d input.
LET anda = ANDMAC (a.b).
LET andb = A'.D_MAC (c,d).
LET nor = NOR2 (anda,andb).)

OUTPUT nor

END.

FNDEC EINOR = ((boo1, bool)) -> (bool):
BEGIN (LET a = input. LET b = input.)
OUTPUT EINORFN (ab)

END.
FUDEC CLKB = (bool) -> ((bool, bool)):

BEGIN (LET ai = input.)
OUTPUT (ai,INVFN ai)

END.
FNDEC DF = ((boo1. boo1, bool)) -> ((boo1, bool)):

BEGIN (LET ckt input.
LET cki input.
LET d = input.
LET next.q = BOOLDELA¥ d.
LET next.qbar = INVFN next-q.)

OUTPUT (noxt.q,nextcqbar)

END.
FIDEC FlDELAY = ((techbool, techbool, techbool, tech-bool)) -
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((%*ch~bool, toch~bool. tech~bool, tech-bool)):
BEGIN (LET uwmamed-.input... input.

LET unnamed-.input-.2 input.
LET uwmamed-.input-3 input.

LET wuniaznd-nput-4 input.
LET xcmpl7 =DF (xcniplS[l].xcmpl8(2).unnamod-input-.3).
LET xcmpl9 =DF (xcmpie~i),xcmple(2).unriamed-input-2).
LET xcmp18B CLKB 1.
LET xcmplS = DF (xcmplB[1J,xcmpl8[2).urmamed-input...).
LET xcmp21 a DF (xcmple[1J~xcmple(2).unnamed-input..4).)

OUTPUT (Xcmpl5(1) .xcmp19(1J xcmpl7 (1).xcmp2l li))
END.

FNDEC CONTROL = ((tech-bool. toch~bool, tech~bool)) -

C(tech~bool, toch~bool, tech..bool)):

BEGIN (LET in-1. input.
LET in-2 input.
LET in-.3 input.
LET xcmpSG NAND2 (xcmp72,xcnmp67).
LET xcmp45 =NAND3 (xcrnp37.in_2,xcmp47).
LET xcmp39 =INVi xcmp5e.
LET xcmp7S =NOR3 (xcmp76.xcnmp4[1Jxcn'p74).
LET xcmp3S =NAND3 (xcnmp37,in-2,xcrnp66).
LET xcmp78= 12ANOR (in..i.xcmp4(2).xcnip37.xcmp8O).
LET xcmpOGG NAND2 (xcmpai,xcm'p4[23).
LET xcmp72 = I2ANOR (in..i,xcnmp4[1J,xcrmp37,xcmp75).
LET xcmp69 INVi xcmp53.
LET xcmp4O N0R3 (in-2,xcnmp4[1].xcm~.p4[3J).
LET xcmp76 = INV1 in-3.
LET xcmp25 =NAND2 (xcrnp24,xcmp37).
LET xcmnp82 =X2ANOR (in-A.xcnp4 [3) ,in3,xcmrp48).
LET xczmp36 = NAND2 (xcmp78,xcm-p3S).
LET xcmp67 =NAND3 (xcmp37,in_2,xcr~p64).
LET xcmp38 =NAND2 (xcmp3g,xcrnp37).
LET xcrnp84 =NAND3 (xcmp37.xcrmp4 [I) xcrrnp4[2J).
LET xcmp24 =INVI xcmp36.
LET xcmp74 =INVI xcmp4[3).
LET xcznp33 = INV1 xcmp4[2).
LET xcmp61 INVI xcznp4[i).
LET xcmnpS3 = NAND2 (xcmp82,xcmp4S).
LET xcmp37 =INVI in-..
LET xcmnp7O NAND2 (xcmp69.xcnmp37).
LET xcmp47 =NAND2 (xcrnp33,xcmp4C3]).
LET xcmp64 =NAND2 (xcrnp66,xcmp47).

LET xcmp8O =N0R3 (xcmp76,xcmpei~xcrnp4[2]).
LET xcmp48 =EINOR (xcmp4O.xcmp84).
LET xcmp4 = Fl-DELAY (xcmpS6,xcmp36,xcmpS3.xcmp37).)

OUTPUT (xcmp38.xcmp25,xcmp7O)
END.

SIGDECS>
FNMAPS>
LCLFNMAPS>
map("CONTROL" :19)
map("FI..DELAY" :18)
map('DF" :17)
map("CLICB" 16)
aap("EINOR' 15)
map("X2ANOR" :14)
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aapC'AID..MAC" 13)
sapC'INOR3 ' 12)
map('IOR..MAC-13" 11)
map("NOR 2 " :10)
map('NOR-MAC" :9)
map("SA1D3" :8)
map("IAND-IAC-N7" 7)
map("111D2" :6)
nap("BAND-MAC
map("IIVI" :4)
mapC'EXNOR-.FN" 3)
map(¶INV-.FN" 2)
map(DBOOL..DELAYT 1)
TYNAMEMAPS>
LCLTYNAMEMAPS>
mapC"tach-bool" :tech-bool)
map(*bool" :bool)
map~lz' "bool')
map("x" "bool')
mapC't" "bool")
map("i' "bool')
SIGNAMEMAPS>
LCLSIGNAMEMAPS>
USEDTTNAMES>
USEDFNNAMES>
USEDSIGNAMES>
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Abstract

This document describes the set of formal transformation rules which have been implemented for
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